In Brief
The driving forces behind transcription factor rewiring are poorly understood. Tebung et al. show here that in the Saccharomyces lineage the Ppr1 zinc cluster transcription factor rewired from regulating purine degradation to regulating pyrimidine biosynthesis. This rewiring event was likely driven by pressures to exploit hypoxic environments.
INTRODUCTION
The regulation of gene expression is an important factor in the development of organisms, the evolution of species, and cellular adaptation to environmental changes. Although cells typically have conserved metabolic machinery, the regulation of genes encoding this machinery can vary, giving rise in part to the differences in phenotype that are observed among species [1] . Key components of eukaryotic gene expression control are the transcription factors (TFs), which act as transcriptional activators or repressors through binding to specific DNA sequences at the promoter regions of genes. These TFs fall into families, such as the basic helix-loop-helix (bHLH) class [2] , zinc finger TFs [3] , homeobox family [4] , and leucine zipper TFs [5] .
The zinc cluster TFs (ZCFs) are a subclass of the zinc finger proteins found exclusively in fungi. These ZCFs contain the conserved structural motif CX 2 CX 6 CX 5-12 CX 2 CX 6-8 C (where C represents cysteine, and X is any amino acid) [6] [7] [8] [9] [10] . This cysteine-rich sequence is generally located at the N terminus of the TF, and consists of six cysteines with typically a lysine residue between the second and third cysteines [11] [12] [13] . The entire DNA binding domain of the transcription factor consists of the zinc finger, a linker region, and a dimerization domain. Typically, ZCFs bind as homodimers, using their zinc finger motif to generate hydrogen-bonding major-groove interactions to CGG nucleotide triplets that are oriented in everted, inverted, or direct repeats [6, 12] . The spacing of the CGG sequences is important for binding specificity, which is controlled by the number of generally non-conserved amino acids specifying both the ZCF's linker length and its folding [6, 11, 14, 15] . The conserved cysteines serve to complex two zinc ions that are important in facilitating the DNA binding of the protein [10, 13] .
These zinc cluster transcription factors are major components of fungal-specific regulatory circuits, and are known to control a multitude of processes as varied as metabolism, meiosis, virulence, and antifungal drug resistance [6, 7, 16] . A classic zinc cluster TF is the well-studied Gal4 protein of Saccharomyces cerevisiae. This protein served as the basis for the yeast twohybrid system [17] , and studies have established its mechanism for dimerization [13, 18] , binding to the specific DNA sequence 5 0 -CGG(N 11 )CCG-3 0 [13, 18] , and interaction with other regulatory proteins to establish the inducibility of the yeast Leloir pathway genes to galactose [19, 20] . This level of understanding has made S. cerevisiae Gal4 a popular model for systems biology investigations into eukaryotic transcriptional regulation [11, 17, 20, 21] . Intriguingly, outside of the Saccharomyces lineage, Gal4 orthologs can perform other functions, although they continue to bind the motif 5 0 -CGG(N 11 )CCG-3 0 . For example, in Candida albicans, the Gal4 ortholog binds glycolytic genes and subtelomeric TLO genes [21] [22] [23] [24] and is not involved in galactose regulation. This represents an interesting example of transcription factor rewiring, the process whereby orthologous proteins, interacting with conserved binding sites, control different functions in related species [25] . Because the DNA binding sequences for ZCFs are short, genes can easily move in or out of regulatory circuits through changes in 1 or 2 nt in their promoters. However, the driving forces behind such rewiring events are currently poorly understood.
Here we investigate the function of the zinc cluster transcription factor Ppr1 in C. albicans. Ppr1 was initially identified in S. cerevisiae, where it bound the motif 5 0 -CGG(N 6 )CCG-3 0 to regulate genes involved in the biosynthesis of uracil [26, 27] . We show here that the Ppr1 ortholog in the opportunistic fungal pathogen C. albicans uses the same binding motif to regulate genes involved in allantoin degradation. Bioinformatic analysis of the promoter motifs within the fungal phylogeny suggests that this rewiring event resulted in a switch, within the Saccharomyces lineage, of the regulation of allantoin degradation from Ppr1 to Dal82.
RESULTS

Bioinformatic Analysis of Ppr1 Function in C. albicans Uracil Biosynthesis
An apparent ortholog of the S. cerevisiae PPR1 gene is encoded by the C. albicans gene C5_04970C_A (PPR1). These two orthologs have about 40% sequence identity throughout a 500-amino acid N-terminal region containing the zinc cluster domain (Figure 1 ). The second best hit identified for CaPpr1 in S. cerevisiae was Stb5, which has a stretch of 100 amino acids with just over 30% identity located outside of the region containing the zinc cluster domain. ScPPR1 and C5_04970C_A thus represent reciprocal best hits, supporting C5_04970C_A as the Ppr1 ortholog in C. albicans.
We used a bioinformatic approach to examine whether these proteins perform similar functions. Ppr1 regulates URA genes (URA1, URA2, URA3, URA4, URA6, and URA10) in S. cerevisiae using the Ppr1 binding motif 5 0 -CGG(N 6 )CCG-3 0 [26, 28] . Motif scanning identified convincing Ppr1 binding sites at the promoter of URA genes in the Saccharomyces lineage from S. cerevisiae to Naumovozyma castellii, but these sites were not found at the promoter of URA genes in C. albicans and other non-Saccharomyces fungi (Figure 2A) . Rather, the Ppr1 binding site was found at the promoter of purine catabolism genes in the non-Saccharomyces species (Figures 2A and 2B ). This observation suggested that the regulatory circuit controlled by Ppr1 differs between members of the Saccharomyces lineage and other fungi. Analysis of potential motifs in the promoter regions of the C. albicans URA genes has identified a possible enriched motif, GryTkGwnTGGT, in the promoters of several of the URA genes of Candida species and their close relatives ( Figure 3 ).
Direct Identification of C. albicans Ppr1 Target Genes Using ChIP-Chip Chromatin immunoprecipitation followed by microarray analysis (ChIP-chip) is a powerful technique for identifying the direct binding targets of transcription factors. For our analysis, a tandem affinity purification (TAP) epitope sequence was fused to the endogenous PPR1 gene in strain SN148; correct DNA fusion was established using PCR, and proper TAP-tagged protein expression was confirmed using immunoprecipitation. ChIP results from the TAP-tagged strain were consistent with ChIPchip and microarray results from a hemagglutinin (HA)-tagged Ppr1 strain; this, together with the phenotype of a ppr1 null mutant, implied that tagging Ppr1 did not affect its function. After chromatin cross-linking, target binding sequences were identified by amplifying and labeling immunoprecipitated DNA sequences and hybridizing these labeled sequences to Agilent 8X15K C. albicans whole-genome tiling arrays. Ppr1 target genes were ranked based on their log of ratios (PPR1-TAPCy5/non-tagged-Cy3) values (Table 1) . Gene ontology assessment of genes corresponding to the top 150 targets with a log of ratios cutoff of at least 1.5 showed enrichment in genes involved in purine nucleobase catabolism ( Table 1 ), suggesting that Ppr1 in C. albicans may transcriptionally regulate these genes.
Ppr1 DNA Binding Sequence in C. albicans To identify a potential DNA binding motif for Ppr1 in C. albicans, we analyzed the DNA sequences 220 bp upstream and 220 bp downstream of each positive 60 bp probe (a total of 500 bp per site) [31] . The most probable motif for C. albicans Ppr1 detected from the top 50 positive genes (Table S2) was CGG-X 6 -CCG (E value = 4.6E-004) ( Figure 4A ), which is identical to the reported motif for S. cerevisiae Ppr1 ( Figure 4B ) [26, 28] . The motif was further confirmed by motif occurrence analysis that showed significant overrepresentation of the motif in target genes compared to the control (p value = 7.62 3 10
À13
). Thus, the Ppr1 proteins of the two species bind the same DNA sequence, but this binding controls distinct functions.
Transcriptional Profiling Experiments Using a Ppr1
Gain-of-Function Mutant ChIP-chip and bioinformatic analyses predicted that Ppr1 in C. albicans is a transcriptional regulator of genes involved in purine catabolism. We transcriptionally profiled a C. albicans Ppr1 gain-of-function (GOF) mutant generated by addition of a Gal4 activation domain that artificially activates the TF [7] to establish the expression network of the transcription factor. Such GOF mutant strains can upregulate networks in the absence of any stimulatory conditions. As shown in Table 2 , transcriptional profiling experiments with the Ppr1 (GOF) mutant The left shaded alignment area has 38.10% identity and includes the zinc cluster domain. The larger shaded alignment area to the right has 40.73% identity. strain SCPPR1GAD1A identified 6 genes involved in purine catabolism among the top 11 overexpressed genes. These genes, which include a uricase and a variety of genes involved in allantoin catabolism, also feature among 17 Ppr1 target genes appearing in the ChIP-chip top 150 hits as well. PPR1 itself was presumably identified among the upregulated genes because the hyperactive allele construct was driven by the strong ADH1 promoter.
Allantoin Utilization
To test for the role of PPR1 in purine catabolism predicted by the ChIP-chip and transcriptional profiling experiments, we cultured ppr1 null mutants, control SC5314 (wild-type PPR1), and SCPPR1GAD1A in yeast carbon base (YCB) media with various nitrogen sources. The ppr1 null mutant strain showed almost no growth after 3 days on allantoin as the sole nitrogen source, whereas SC5314 and SCPPR1GAD1A showed normal growth to saturation ( Figure 5A ). This suggests that PPR1 is required for the expression of genes involved in allantoin catabolism. The GOF strain has a shorter lag phase than the wild-type (Figure 5A ), perhaps because the hyperactive Ppr1 more efficiently expresses genes required for growth on allantoin. All three strains were also cultured in YCB + ammonium sulfate as the The Ppr1 motif (green boxes) is present only throughout Saccharomyces species, whereas an alternative GryTkGwnTGGT-like motif (yellow boxes) is present across non-Saccharomyces species. The presence and absence of a promoter sequence are represented by gray and white boxes, respectively. The motif scan was performed at the 90% threshold using the software package MotifLab. The phylogenetic tree is based on Wang et al. [29] and the Fungal Orthogroups Repository (https://portals. broadinstitute.org/regev/orthogroups/). sole nitrogen source ( Figure 5B ), YCB + urea as the sole nitrogen source (Figure 5C ), and yeast extract peptone dextrose (YPD) as controls. All strains showed normal and similar growth rates up to saturation in 3 days, suggesting that lack of growth of ppr1 null mutants in YCB + allantoin is due to the inability of the strain to break down allantoin.
Ppr1 Regulation of Other Functions
In addition to genes implicated in the regulation of allantoin catabolism, several other genes appear to be members of the Ppr1 regulon in C. albicans. These include genes encoding such diverse functions as membrane transport, amino acid metabolism (aminotransferase function), translation elongation, mitochondrial protein import, sterol transport, glycosylation, antioxidation, the pyrimidine salvage pathway, and so forth ( Table 2) . Genes involved in these pathways appear in both the transcriptional profiling results and the top 150 ChIP-chip hits, and the Ppr1 binding motif was identified at the promoter of some of the genes. Phenotype studies will be required to confirm the other predicted Ppr1 functions.
DISCUSSION
The zinc cluster transcription factor Ppr1 was initially identified in the yeast S. cerevisiae as a regulator of pyrimidine (uracil) biosynthesis, through its interaction with the motif 5 0 -CGG(N 6 ) CCG-3 0 found in the promoters of many of the regulated genes [26, 28] . Our studies using motif searches, ChIP-chip analysis, and transcriptional profiling suggest that pyrimidine biosynthesis is not under the regulation of Ppr1 in C. albicans, and that the Ppr1 null mutant strain grows normally on media without uracil. No specific transcription factor has been associated with the URA regulon outside of Ppr1-regulated species such as S. cerevisiae, and it is possible that pyrimidine synthesis is not transcriptionally regulated in these strains. Ppr1 ChIP-chip and transcriptional profiling experiments done using SCPPR1GAD1A (Ppr1 in the SCPPR1GAD1A strain is HA tagged) show that Ppr1 does not bind and does not regulate the URA3 gene. However, ChIP-chip data were analyzed using GenePix and MeV, and the top 15 Ppr1 target genes as well as genes in the top 50 ChIP-chip hits that are involved in purine catabolism or also appear in the transcriptional profiling results are presented. Genes with * in their open reading frame (ORF) ID numbers appear in both ChIP-chip and transcriptional profiling hits; genes without * appear in ChIP-chip hits only; underlined genes are involved in purine catabolism. URA3 frequently appears in ChIP-chip data of our TAP-tagged strains when transformants are selected using the Ura3 selectable marker; the reason for this is unclear. Primers used for transformation in this study are presented in Table S1 .
motif searches have identified the sequence GryTkGwnTGGT enriched in the promoters of the genes of the URA regulon of C. albicans and its close relatives (Figure 3) , and thus some yet to be defined transcription factor may be involved in the regulation of uracil biosynthesis in non-Saccharomyces species. Although Ppr1 does not regulate the URA pathway in C. albicans, it has a clear function in this species. The C. albicans ortholog of Ppr1, encoded by the gene C5_04970C_A, uses the 5 0 -CGG(N 6 )CCG-3 0 binding motif to control a regulon involved in purine catabolism, particularly allantoin degradation. ChIP-chip results suggest that Ppr1 binds to the promoters of allantoin degradation and other purine catabolism genes (Table 1) , and the upregulation of these target genes as shown in the transcriptional profiling results (Table 2) implies that Ppr1 binding leads to transcriptional activation of the target genes. The role of Ppr1 in purine catabolism was further confirmed by the inability of a ppr1 null mutant C. albicans strain to grow in YCB media with allantoin as the sole nitrogen source ( Figure 5A ); these findings also suggest that Ppr1 could be the sole regulator of purine catabolism in the pathogen. Such dramatic rewiring of transcription factor function has been seen elsewhere within the fungi; examples include Gal4 rewiring [22] , Mcm1 regulating the cell cycle and mating in most yeast species but co-regulating ribosomal gene expression with Rap1 in Candida glabrata, Kluyveromyces lactis, Yarrowia lipolytica, and Aspergillus nidulans lineages [32] , and ribosomal protein gene expression regulated by Tbf1 in C. albicans but Rap1 in S. cerevisiae [33] .
Phylogenetic examination of the candidate motifs upstream of the allantoin degradation regulon and the URA biosynthesis regulon suggests that the shift of the Ppr1 binding motif 5 0 -CGG(N 6 ) Table S2 .
(B) S. cerevisiae Ppr1 DNA binding motif [27] .
CCG-3 0 from the promoters of allantoin catabolism genes to pyrimidine biosynthesis genes occurred in the lineage leading to N. castellii and the other Saccharomyces species. As shown in Figure 2A , there is essentially no evidence for the motif in the URA gene promoters in species outside the Saccharomyces but strong evidence for the motif in many of the genes within these species. By contrast, the motif is commonly associated with the allantoin degradation pathway genes in many fungi outside of the Saccharomyces clade.
The timing of the Ppr1 rewiring event is intriguing, as this phylogenetic divergence corresponds to a massive genomic reorganization of the genes involved in allantoin degradation. There is an initial scattered distribution in the non-Saccharomyces that shifts to a clustered distribution (the DAL cluster) in the Saccharomyces species [34] . In the clustered regulons, transcriptional regulation of allantoin degradation is under the control of Dal82, a transcription factor that arose prior to the whole-genome duplication but is not present in species such as C. albicans. In S. cerevisiae, Dal82 forms a heterodimer with Dal81, and the complex binds sequences known as UISALL elements or Dal82 motifs (5 0 -AAANTTGCG-3 0 ) [35-37] to regulate allantoin degradation. Dal82 is induced to activate allantoin degradation genes in S. cerevisiae by allophanate, the last intermediate in the allantoin degradation pathway [35] . Although Dal81 is present in both Candida and Saccharomyces species, its role is different in C. albicans, where it apparently positively regulates cell adhesion [38] and is therefore unlikely to interact with Ppr1 to regulate allantoin degradation. The presence or absence of the Dal82 motif at DAL gene promoters across yeast species suggests that Dal82 may have taken over purine catabolism in the lineage leading to N. castellii and its relatives at the same time Ppr1 changed its function. In S. cerevisiae, nitrogen catabolite pathways are also under the positive regulation of Gln3 and Gat1 and the negative regulation of Dal80 and Deh1, which all bind 5 0 -GATAA-3 0 sequences to activate or repress genes. Bioinformatic analysis of a candidate nitrogen catabolite repression circuit found that although the members of the circuit can vary among ascomycetes, there is no evidence that this circuit undergoes any transition corresponding to the switch from Ppr1 to Dal82 [39] . Concomitant with the Ppr1 rewiring event was the elimination of some oxygen-consuming functions from both the purine catabolism and pyrimidine biosynthesis pathways [34] . The uric acid importer, uric acid permease, together with urate oxidase, which uses molecular oxygen to break down uric acid, were both eliminated from the genome of S. cerevisiae and close relatives, together with other oxygen-demanding functions [34] . A specific allantoin permease gene, DAL4, arose from the duplication of the uracil permease gene, FUR4, at the same phylogenetic time as the DAL cluster formation and Ppr1 rewiring [34] . Consequently, the Saccharomyces species shifted from importing uric acid, which demanded oxygen for its metabolism, to importing allantoin [34] . Allantoin is an important plant nitrogen storage and transport molecule, and thus would be relatively abundant in the yeast environment. The loss of these oxygen-demanding enzymes at this point enhanced the ability of Saccharomyces species to grow effectively in hypoxic conditions. This strategy to minimize oxygen consumption through genomic editing is possibly the reason behind the clustering of DAL genes [34] , and is likely the driving force that led to the rewiring of Ppr1 and the introduction of the allophanate-induced Dal82 to the purine catabolism pathway. Uric acid induces the Ppr1 orthologs of A. nidulans and Neurospora crassa, UaY and PCO-1, respectively, which in both cases lead to the activation of purine catabolism genes [40, 41] . Dihydroorotic acid, which is an intermediate in the pyrimidine biosynthesis pathway, has been shown to induce at least one of the activities under the control of UaY in A. nidulans [40] . The switch from importing uric acid to importing allantoin in the Saccharomyces lineage eliminated the original Ppr1 inducer, uric acid. This could allow Ppr1 to respond to the weaker inducer dihydroorotic acid, resulting ultimately in the switch from the regulation of purine catabolism to the regulation of de novo pyrimidine biosynthesis. The Ppr1 function in purine catabolism regulation could be replaced by Dal82, a transcription factor induced by allophanate that is not present in species such as C. albicans, in the Saccharomyces lineage. Alternatively, a switch to a low-oxygen environment could have blocked Transcriptional profiling data were analyzed using GenePix and MeV, and the top 15 Ppr1-upregulated genes as well as genes appearing both in transcriptional profiling results and in the top 150 ChIP-chip hits are presented. Genes with * in their ORF ID numbers appear in transcriptional profiling hits only; genes without * appear in both ChIP-chip and transcriptional profiling hits; promoters of genes with ** are predicted by MEME to have the CGG(N 6 ) CCG DNA binding motif; underlined genes are involved in purine catabolism.
the availability of uric acid as a nitrogen source and made the oxidase and permease dispensable in Saccharomyces species. Overall, these findings suggest that Ppr1 transitioned from regulating purine catabolism to the regulation of pyrimidine biosynthesis at the lineage leading to N. castellii and the other Saccharomyces species, which coincides with the clustering of DAL genes, the onset of Dal82-regulated purine catabolism, and the appearance of fungi with a facultative aerobic metabolism.
EXPERIMENTAL PROCEDURES
Strains, Media, Plasmids, and Transformation We followed standard procedures for C. albicans cell growth and transformation [42] . YPD was used to culture C. albicans strains for transformation, immunoprecipitation, ChIP-chip analyses, and transcriptional profiling experiments. YCB media at 11.7 mg/ml lacking a nitrogen supplement, or supplemented with ammonium sulfate (37.82 mM), urea (10 mM), or allantoin (10 mM), were used for phenotype studies testing the ability of the ppr1 null mutant to utilize allantoin as a nitrogen source. The PPR1-TAP strain was constructed from strain SN148 [43, 44] by transformation using a TAP-URA3 PCR product containing 99 bp of homologous sequence immediately upstream and downstream of the PPR1 stop codon. The TAP-URA3 portion of the oligomer used for transformation was amplified from the pFA-TAP-URA3 plasmid (see Table S1 for plasmids) using the forward primer PPR1_TAP_URA3_F and reverse primer PPR1_TAP_URA3_R (see Table S2 for oligonucleotides). Correct integration of the TAP tag was confirmed by PCR using two primer pairs: forward primer PPR1_TAP_UR-A3_check_F, which binds inside the PPR1 gene, and reverse primer FT-U3, which binds inside the URA3 gene, and forward primer FT-U1, which binds inside the URA3 gene, and reverse primer PPR1_TAP_URA3_check_R, which binds downstream of PPR1. The ppr1 null mutant was constructed in strain SN95 by replacing one PPR1 allele with the HIS1 marker and the other allele with the ARG4 marker. Oligonucleotides used for ppr1 null mutant construction were amplified from plasmids pFA-HIS1 for the first allele knockout and pFA-ARG4 for the second allele knockout [44] using the respective forward and reverse primers PPR1_Marker_KO_F, which has a 97-bp region with homology just before the PPR1 start codon, and PPR1_Marker_KO_R, which has a 95-bp region with homology just after the PPR1 stop codon. Deletion of the first allele was confirmed by PCR using the forward primer PPR1_KO_Check_F, which binds upstream of the PPR1 gene, and the reverse primer PPR1_KO_Check_R, which binds downstream of the gene. Deletion of the second allele was confirmed by PCR using two primer pairs: forward primer PPR1_KO_Check_F, which binds upstream of the PPR1 gene, and reverse primer FT-H2, which binds upstream of the HIS1 gene (HIS1 promoter region), and forward primer FT-U3, which binds inside the HIS1 gene, and reverse primer PPR1_KO_Check_R, which binds downstream of PPR1. The ppr1 null mutants were confirmed using the forward primer PPR1_KO_Check_Internal_F and the reverse primer PPR1_KO_ Check_Internal_R, which both bind inside the PPR1 gene; no band is expected for ppr1 null mutants for this primer pair. The SCPPR1GAD1A strain was as described previously [7] .
Immunoprecipitation
The immunoprecipitation protocol was used as previously described [45] with the following modifications: a 700-ml lysate obtained from the cell culture was incubated with IgG-Sepharose beads at 4 C overnight on a lab rotator.
After transferring the proteins through western blotting from a 12% SDS-PAGE gel to a nitrocellulose membrane, the membrane was treated with the primary rabbit polyclonal antibody (1:1,000) directed against the TAP tag and then with the secondary anti-rabbit antibody coupled to the dye IR Error bars are based on the SD of the seven replicates of each data point reading taken every 2 hr. Primers used for transformation in this study are presented in Table S1 .
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(1:5,000). Protein bands were detected by an Odyssey scanner at a wavelength of 700 nm.
ChIP-Chip
The strain containing the chromosomally inserted PPR1-TAP fusion as well as the background strain SN148 (untagged) was grown to an optical density of 0.6 at 600 nm (OD 600 ) in 50 ml of YPD. Cross-linking was performed by incubating each 50-ml culture with 1.5 ml of 37% formaldehyde for 30 min, modified from 1.4 ml of 37% formaldehyde as described earlier [46] . Cultures were spun for 5 min in a 4 C centrifuge at 3,600 rpm and YPD media were removed by decantation, and then cells were washed twice in 4 C cold Tris-buffered saline (TBS) using 40 ml TBS each time. TBS was removed after every wash by decantation following a 5-min centrifugation at 3,600 rpm at 4 C. A final spin was carried out at 13,000 rpm for a minute at 4 C before removing residual TBS, leaving cell pellets for the following steps.
Cell pellets were resuspended in 700 ml lysis buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na deoxycholate) with protease inhibitors, and 0.5 ml of acid-washed glass beads (425-600 mm) was added. Samples were homogenized five times for a minute each at 4,200 rpm using a bead beater with 5-min breaks on ice between homogenization steps; this step was modified from the four rounds of homogenization described previously [46] . The lysate collected for each sample was sonicated using a Fisher Scientific FB120 sonicator to obtain DNA with an average length of 300-500 bp (samples were sonicated four times for 20 s at amplitude 35% and pulse 20; tubes were put on ice for at least a minute between each round of sonication), and all 700 ml of each lysate was incubated with IgG-Sepharose beads overnight, a modification of the 500 ml of lysate described previously [46] . The next day, beads from each sample were washed twice with 1 ml lysis buffer, twice with 1 ml lysis buffer supplemented with 360 mM NaCl, twice with 1 ml wash buffer (10 mM Tris-HCl [pH 8.0], 250 mM LiCl, 0.5% NP40, 0.5% Na deoxycholate, 1 mM EDTA), and once with 1 ml TE (10 mM Tris [pH 8.0], 1 mM EDTA), and then incubated in 50 ml TE/SDS (10 mM Tris [pH 8.0], 1 mM EDTA, 1% SDS) overnight at 65 C; 345 ml TE, 3 ml DNase-free RNase A (10 mg/mL in water), and 2 ml glycogen (20 mg/mL) were then added to each supernatant and incubated for 2 hr at 37 C followed by the addition of 15 ml of 10% SDS and 7.5 ml of proteinase K (20 mg/mL) and then by a 2-hr incubation at 37 C. DNA isolation involved two 400-ml phenol/chloroform/isoamyl alcohol (25:24:1) extractions as described previously [46] . For DNA amplification and labeling, 40 ml of immunoprecipitated DNA for each sample was incubated for 20 min at 12 C with 70 ml of blunting mix (11 ml 103 NEB number 2 buffer, 0.5 ml BSA [10 mg/mL], 0.5 ml dNTPs [20 mM each dATP, dCTP, dGTP, and dTTP], 0.2 ml T4 DNA polymerase, and 57.8 ml ice-cold water) followed by the previously described DNA extraction protocol [46] . Extracted DNA for each sample was resuspended in 25 ml ice-cold water and incubated overnight at 16 C with 25 ml of ligase mix (8 ml water, 10 ml 53 ligase buffer, 6.7 ml annealed linkers, 0.5 ml T4 DNA ligase) [46] . Amplification PCR and indirect labeling with the appropriate dye, Cy5 or Cy3, were carried out as described [46] with the exception that OneTaq was used instead of Taq polymerase, and Vent polymerase was used instead of Pfu polymerase. ChIP DNA from tagged strains was labeled with Cy5 dye and ChIP DNA from untagged strain SN148 was labeled with Cy3 dye, and were then co-hybridized to Agilent 8X15K whole-genome arrays containing 14,490 60-mer intergenic and intragenic oligonucleotide probes. Microarray hybridization, washing, scanning, and normalization were performed as described [47] with the following modifications: scanning was done using an Axon GenePix 4000B microarray scanner, and data analyses and normalizations were done using GenePix data analysis software and MultiExperiment Viewer (MeV) software, with a 0.05 p value cutoff for MeV analyses. Scanning settings used were 635 nm for Cy5 and 532 nm for Cy3. The log of ratios Cy5/Cy3 (635 nm/532 nm) with a cutoff of at least 1.5 for each spot was considered to be an indicator of significant Ppr1 binding. Data can be accessed online under the accession number Gene Expression Omnibus (GEO): GSE80343.
Transcriptional Profiling Experiments
Transcriptional profiling experiments were carried out with strain SCPPR1GAD1A (Ppr1 gain-of-function mutant) and the background strain SC5314 (wild-type). Fresh colonies of each strain were each inoculated in 50 ml YPD and incubated overnight at 30 C on a 220-rpm shaker. The overnight cultures were diluted to an OD 600 of 0.1 in YPD and grown to an OD 600 of 0.8. Total RNA was extracted using the QIAGEN RNeasy minikit protocol. Cell pellets were resuspended in 1 ml RNeasy buffer RLT with 10 ml b-mercaptoethanol, and then 0.6 ml of acid-washed glass beads (425-600 mm) was added before homogenizing each sample five times for a minute each at 4,200 rpm using a bead beater, with 5-min breaks on ice between homogenization steps. RNA was extracted from the collected lysate following the QIAGEN RNeasy protocol. RNA quantity was determined using a NanoQuant machine. Twenty micrograms of total RNA from each sample was reverse transcribed using oligo(dT)23VN and SuperScript III reverse transcriptase (Invitrogen) in the presence of Cy3 or Cy5 to achieve direct dye incorporation, and dye swaps were employed for each sample. After cDNA synthesis, template RNA was degraded by adding RNase A (Sigma) to a final concentration of 0.05 mg/ml and 0.05 units/ml RNase H (New England Biolabs) to each sample and incubating for 30 min at 37 C before purifying the labeled cDNAs with a QIAquick PCR purification kit (QIAGEN). Hybridization, washing, scanning, and normalization were performed as described [47] , with the exception that scanning used an Axon GenePix 4000B microarray scanner and data analyses and normalizations were done using GenePix data analysis software. Scanning settings were 635 nm for Cy5 and 532 nm for Cy3. The median of the ratio mutant-Cy5/non-tagged-Cy3 or mutant-Cy3/non-taggedCy5 values was statistically analyzed in MeV software using a p value cutoff of 0.05. Positive significant genes (upregulated genes) were candidates for Ppr1 regulation. Data can be accessed online under the accession number GEO: GSE80343.
Bioinformatics
A C. albicans whole-genome motif scan for the S. cerevisiae Ppr1 motif was done using the Candida Genome Database (CGD) tool Patmatch (http://www. candidagenome.org/cgi-bin/PATMATCH/nph-patmatch) [48] . Motif scanning was performed using the software package MotifLab [49] for Ppr1 and Dal82 motifs, analyzing 500-bp promoter regions of the appropriate orthologous genes in different Ascomycetes species. Gene ontology analyses were done using the CGD tool GO Term Finder (http://www.candidagenome.org/cgi-bin/GO/ goTermFinder) [48] . DNA binding motifs were identified from ChIP-chip data using the online motif search tool MEME (http://meme-suite.org/tools/meme) [31] . Fifty sequences corresponding to the top Ppr1 target genes identified by ChIPchip with the log of ratios ranging from 2.70 to 9.08 were used for further analysis. We used the 500-bp promoter region of the top 50 genes to screen for potential motifs de novo using MEME [31] . The validity of predicted motifs was confirmed by performing motif overrepresentation analysis implemented in MotifLab [49] . In this analysis, the upregulated gene list is considered the ''target'' and the rest of the genes in the C. albicans genome is considered the ''control'' to compare the distribution of the motif(s) between the two. The hypergeometric statistical test followed by Bonferroni correction as implemented in MotifLab [49] was applied to establish the validity of the candidate motif. Similarly, a potential motif for non-Ppr1-regulated URA genes (URA1, URA2, URA3, URA4, URA6, and URA10) was predicted based on 500 bp promoter regions of C. albicans, Candida dubliniensis, Candida tropicalis, and Candida parapsilosis using MEME [31] followed by motif overrepresentation analyses for each species. Fungal blast of C. albicans Ppr1 was done using the Saccharomyces Genome Database fungal blast tool (http://yeastgenome.org/blast-fungal) [50] . Protein sequences were aligned using the SIM Alignment Tool (http://web.expasy.org/ sim) [51] . The LALNVIEW program was used to generate graphical representations of protein alignments [52] .
Allantoin Utilization Assay
The ppr1 null mutant strain, SCPPR1GAD1A (Ppr1 gain-of-function strain), and SC5314 (wild-type strain) were each cultured in 11.7 mg/ml YCB media (Sigma-Aldrich), YCB + allantoin (10 mM), YCB + ammonium sulfate (37.82 mM), and YCB + urea (10 mM) for 3 days at 30 C in a Sunrise plate reader (TECAN) with a 220-rpm shaker. The plate reader was set to collect OD 600 data every 10 min throughout the incubation period.
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